The paper proposes the design of velocity based on road inclinations, speed limits, a preceding vehicle on the lane and traveling time. A new control method in which the longitudinal control incorporates the brake and traction forces is also proposed to achieve the required velocity. By choosing the velocity which is appropriate according to the road and traffic information, the number of unnecessary accelerations and brakings and their durations can be significantly reduced. In the design method the modeling and robust control of the LPV theory are exploited. The operation of the longitudinal controlled system and the influences of different designed parameters are analyzed through vehicle simulations. Finally, the efficiency of the controlled system is demonstrated on a real transportation route.
Introduction and motivation
As a result of growing global requirements the automotive researchers are forced to develop flexible, reliable and economical automotive systems which require less energy during the operation. Reducing fuel consumption is an important environmental and economic requirement for vehicle systems. Since the driveline system has an important role in the emission of the vehicle, the development of the longitudinal control systems is in the focus of the research and development of the vehicle industry. The paper presents a method of how the required force and energy, thus fuel consumption can be reduced when the external road information is taken into consideration during the journey.
The controllers applied in current adaptive cruise control systems are able to take into consideration only instantaneous effects of road conditions, since they do not have information about the oncoming road sections. The cruise control systems automatically maintains a steady speed of a vehicle as set by the driver by setting the longitudinal control forces. In the paper road inclinations are taken into consideration in the design of the longitudinal control force. The aim in this calculation is to achieve a control force which is similar to the driver's requirement. For example in front of the downhill slope the driver can see the change in the curve of the road. Here the velocity of the vehicle increases, thus the control force of the vehicle before the slope can be reduced. As a result at the beginning of the slope the velocity of the vehicle decreases, thus it will increase from a lower value. Consequently, the brake system can be activated later or it may not be necessary to activate it at all. If the velocity in the next road section changes it is possible to set the adequate control force. In the knowledge of the speed limits it is also possible to save energy. Moreover, in the section of the road where a speed limit is imposed different strategies can be considered. Before the regulated section the velocity can be reduced, therefore less energy is necessary for the vehicle. Using the idea of road slope and speed limit, fuel consumption and the energy required by the actuators can be reduced. By choosing the appropriate velocity according to the road and traffic information, the number of unnecessary accelerations and brakings and their durations can be significantly reduced.
In the vehicle the most important longitudinal actuators are the engine, the transmission and the brake system. The engine is set at a particular revolution with corresponding consumption, torques, etc. If road conditions are known the engine can be operated more efficiently throughout the entire journey. The transmission system has effects on the engine since it creates a connection between the engine and the wheels. The selected gear affects the operation of the engine. Hence the engine and the transmission system must be handled together in a control system. Moreover, the unnecessarily frequent activation of the brake is undesirable because of the wear of the brake pad/disc and the loss in kinetic energy. The control of longitudinal dynamics requires the integration of these vehicle components, see e.g. [8, 23] .
The method proposed in the paper takes into consideration both the inclination of the road and the speed limits. Vehicles save energy at the change of road inclinations and at the same time keep compulsory speed limits. In addition the tracking of the preceding vehicle is necessary to avoid a collision. If the preceding vehicle accelerates or decelerates the tracking vehicle must strictly track the velocity within the speed limit. Thus, this method changes the speed according to the road and traffic conditions. At the same time the efficiency of the transportation system as an important cost factor requires relatively steady speed. These requirements are in conflict and the trade-off among them can be achieved by using different weights.
Several methods in which the road conditions are taken into consideration have already been proposed, see [7, 13, 14] . The look-ahead control methods assume that information about the future disturbances to the controlled system is available. To find a compromise solution between fuel consumption and trip time leads to an optimization problem. The optimization was handled by using a receding horizon control approach in [5, 18] . In another approach the terrain and traffic flow were modeled stochastically using a Markov chain model in [9, 10] . In [6] the approach was evaluated in real experiments where the road slope was estimated by the method in [21] . Paper [3] classifies several modeling approaches for vehicle fuel consumption and emission, such as microscopic, mesoscopic and macroscopic modeling methods. From the aspect of microscopic approach, models of vehicle dynamics are preferred in the paper. Alternative truck lane management strategies are evaluated in [19] . The efficiency of this method is presented by different scenarios, which show that using these methods travel time, energy and the emission of the vehicle can be reduced. [19, 20] present modeling methods for the design of route guidance strategies and the reliable estimation of travel time. The preliminary results of the research are also published in [14, 15] .
The aim of the design method is to calculate the longitudinal forces by using an optimization method. The optimal solution is built into a closed-loop interconnection structure in which a robust controller is designed by using a Linear Parameter Varying (LPV) method. In the LPV method uncertainties, disturbances and nonlinear properties of the system are also handled. The optimization task uses general and scalable vehicle parameters which are known, measured or can be estimated. The real physical inputs of the system (throttle, gear position, brake pressure) are calculated by using the longitudinal force required by velocity tracking. The specific components such as actuators occur in the implementation task. An important feature of the method is that the optimization task and the implementation task are handled separately. Consequently, the method can be implemented in an ECU (electronic control unit) in practice.
This paper is organized as follows: Section 2 formalizes the road inclinations and speed limits in a control-oriented model and establishes the concept of weighting strategy. Section 3 presents the optimization of vehicle cruise control by the appropriate choice of the weights. Section 4 develops the control scheme of velocity tracking according to the optimal weights and performs the robust control design, while Section 5 proposes the architecture of the control system. Section 6 shows the operation of the controlled system and analyzes the effects of vehicle and control parameters. Finally, Section 7 summarizes the conclusion remarks.
Consideration of road conditions
In this section the road inclinations and speed limits are formalized in a control-oriented model. First the road ahead of the vehicle is divided into several sections and reference velocities are selected for them. The rates of the inclinations of the road and those of the speed limits are assumed to be known at the endpoints of each section. Second the road sections are qualified by different weights, which have an important role in control design. The appropriate selection of the weights creates a balance between the velocity of the vehicle and the effects of road conditions. The knowledge of the road inclinations is a necessary assumption for the calculation of the velocity signal. In practice the slope of the road can be obtained in two ways: either a contour map which contains the level lines is used, or an estimation method is applied. In the former case a map used in other navigation tasks can be extended with slope information. Several methods have been proposed for slope estimation. They use cameras, laser/inertial profilometers, differential GPS or a GPS/INS systems, see [1, 11, 4 ]. An estimation method based on a vehicle model and Kalman filters was proposed by [12] . The detection of a speed limit sign is usually based on a video camera.
The principle of the consideration of road conditions is the following. It is assumed that the vehicle travels in a segment from the initial point (beginning of the road section) to the first division point. The velocity at the initial point is predefined and it is called original velocity. The journey is carried out with constant longitudinal force. The dynamics of the vehicle is described between the initial and the first division points. An important question is how velocity should be selected at the initial point (called modified velocity) at which the reference velocity of the first point can be reached using a constant longitudinal force. The thought can be extended to the next segments and division points. In case of n number of segments n equations are formalized between the first and the end points.
The number of the segments is important. For example in the case of flat roads it is enough to use relatively few section points because the slopes of the sections do not change abruptly. In the case of undulating roads it is necessary to use relatively large number of section points and shorter sections, because it is assumed in the algorithm that the acceleration of the vehicle is constant between the section points. Thus, the road ahead of the vehicle is divided unevenly, which is consistent with the topography of the road. The simplified model of the longitudinal dynamics of the vehicle is shown in Figure 1 . The longitudinal movement of the vehicle is influenced by the traction force F l as the control signal and disturbances F d . Several longitudinal disturbances influence the movement of the vehicle. The rolling resistance is modeled by an empiric form F r = F z f 0 (1 + κξ 2 ), where F z is the vertical load of the wheel, f 0 and κ are empirical parameters depending on tyre and road conditions andξ is the velocity of the vehicle, see [16] . The aerodynamic force is formulated as F aer = 0.5C w ρA 0ξ 2 rel , where C w is the drag coefficient, ρ is the density of air, A 0 is the reference area,ξ rel is the velocity of vehicle relative to the air. In case of a lull ξ rel =ξ, which is assumed in the paper. The longitudinal component of the weighting force is G x = mgsinα, where m is the mass of the vehicle and α is the angle of the slope. The acceleration of the vehicle is the following:ξ = (F l − F d )/m, where m is the mass of the vehicle, ξ is the position of the vehicle, and F l , F d are the traction force and the disturbance force (
The predicted course of the vehicle can be divided into sections using n + 1 number of points as Figure 2 shown. Although between the points may be acceleration and declaration an average speed is used. Thus, the rate of accelerations of the vehicle is considered to be constant between these points. In this case the movement of the vehicle using simple kinematic equations is:
2 /2/ξ, whereξ 0 is the velocity of vehicle at the initial point,ξ 1 is the velocity of vehicle at the first point and s 1 is the distance between these points. Thus the velocity of the first section point is the following:
The velocity of the first section pointξ The purpose of considering road conditions is to determine a control force by which the vehicle can travel along its way. It is important to emphasize that the longitudinal force F l1 is known only the first section. Moreover, the longitudinal forces F li , i > 1 are not known during the traveling in the first section. Therefore at the calculation of the control force it is assumed that additional longitudinal forces will not act on the vehicle, i.e., the longitudinal forces F li , i > 1 will not affect the next sections. At the same time the disturbances from road slope are known ahead. Consequently, the velocity of the second section pointξ 
Similarly, the velocity of the vehicle can be formalized in the next n section points. Using this principle a velocity-chain, which contains the required velocities along the way of the vehicle, is constructed. At the calculation of the control force it is assumed that additional longitudinal forces F li , i ∈ [2, n] will not affect the next sections. The velocities of vehicle are described at each section point of the road by using similar expressions to (1). The velocity of the n th section point is the following:
It is also an important goal to track the momentary value of the velocity. It can also be considered in the following equation:
The F di disturbance force can be divided in two parts: the first part is the force resistance from road slope F di,r , while the second part F di,o contains all of the other resistances such as rolling resistance, aerodynamic forces etc. We assume that F di,r is known while F di,o is unknown. F di,r = G x = mg sin α i depends on the mass of the vehicle and the angle of the slope α i . When the control force F l1 is calculated, only F d1,o influences the vehicle of all of the unmeasured disturbances. In the control design the effects of the unmeasured disturbances F di,o , i ∈ {2, n} are ignored. The consequence of this assumption is that the model does not contain all the information about the road disturbances, therefore it is necessary to design a robust speed controller. This controller can ignore the undesirable effects. Consequently, the equations of the vehicle at the section points are calculated in the following way:
. . .
The vehicle travels in traffic and it may happen that the vehicle is overtaken. Because of the risk of collision it is necessary to consider the preceding velocity on the lane:
instead of the basic equation (4) . In the next step weights γ 1 , γ 2 , ..., γ n are applied to both the reference velocity and the road slope in equation (5) . An additional weight Q is applied in equation (4) . An additional weight W is applied in (6) . W represents the tracking of the velocity of the preceding vehicle v lead in order to avoid a collision. The weights should sum up to one, i.e. γ 1 + γ 2 + ... + γ n + Q + W = 1. While the weights γ i represent the rate of the road conditions, weight Q has an essential role: it determines the tracking requirement of the current reference velocity v ref,0 . By increasing Q the momentary velocity becomes more important while road conditions become less important. Similarly, by increasing W the road conditions and the momentary velocity become negligible. By summarizing equation (5) and taking the weights into consideration the following formula is yielded:
where the value ϑ depends on the road slopes, the reference velocities and the weights
In order to take the road conditions into consideration in the control design (7) is applied as a performance of the controlled system. Note that weights have an important role in control design. By making an appropriate selection of the weights the importance of the road condition is taken into consideration. For example when Q = 1 and W = γ i = 0, i ∈ [1, n] the control exercise is simplified to a cruise control problem without any road conditions. When equivalent weights are used the road conditions are considered with the same importance, i.e., Q = γ 1 = γ 2 = ... = γ n and W = 0. When W = 1 and Q = γ i = 0, i ∈ [1, n] only the tracking of the preceding vehicle is carried out. The optimal determination of the weights has an important role, i.e., to achieve a balance between the current velocity and the effect of the road slope. Consequently, a balance between the velocity and the economy parameters of the vehicle is formalized.
In addition to the consideration of road conditions it is also important to consider the traffic environment. It means that the preceding vehicle must be considered in the reference velocity design because of the risk of collision. Thus, all of the kinetic energy of the vehicle is dissipated by friction. This estimation of the safe stopping distance may be conservative in a normal traffic situation, where the preceding vehicle also brakes, therefore the distance between the vehicles may be reduced. In this paper the safe stopping distance between the vehicles is determined according to the 91/422/EEC, 71/320/EEC UN and EU directives (in case of M 1 vehicle category, the velocity in km/h): d st = 0.1ξ 0 +ξ 2 0 /150. It is also necessary to consider that without the preceding vehicle the consideration of safe stopping distance is neither possible nor necessary. The consideration of the preceding vehicle is determined by W , therefore this weight is determined according to 
where the parameter λ is calculated in the following way based on the designed ϑ:
Consequently, the road conditions can be considered by velocity tracking. The momentary velocity of vehicleξ should be equal to parameter λ, which contains the road information. The calculation of λ requires the measurement of the longitudinal accelerationξ 0 .
Optimization of the vehicle cruise control
Equation (7) shows that the modified velocityξ 0 depends on the weights (Q, W and γ i ). By choosing these values the effects of road conditions can be tuned. In this section the task is to find an optimal selection of the weights in such a way that both the minimization of control force and the traveling time are taken into consideration.
The unmeasured disturbances such as rolling resistance and aerodynamic force can be expressed by the quadratic form of the velocity. The sum of these forces can be written in the following form:
where A and T are assumed to have been calculated in advance. By substituting the expression (11) in (7) the following equation is obtained:
Equation (12) shows that F l1 depends only on the weights in the following way:
Since β i depends on the weight Q, therefore F l1 depends on the weights Q and γ i . The vehicle cruise control problem can be divided into two optimization problems in the following forms:
Optimization 1: The longitudinal control force must be minimized, i.e., |F l1 | → M in!.
Instead, in practice the F 2 l1 → M in! optimization is used because of the simpler numerical computation.
Optimization 2: The difference between momentary velocity and modified velocity must be minimized, i.e., |v
The two optimization criteria lead to different optimal solutions. In the first criterion the road inclinations and speed limits are taken into consideration by using appropriately chosen weightsQ,γ i . At the same time the second criterion is optimal if the information is ignored. In the latter case the weights are noted byQ,γ i .
The first performance (Optimization 1) is met by the transformation of the quadratic form into the linear programming using the simplex algorithm. It leads to the following form:
with the following constrains
This task is nonlinear because of the weights. The optimization task is solved by a linear programming method, such as the simplex algorithm. The second performance criterion (Optimization 2) is also taken into consideration. The optimal solution can be determined in a relatively easy way since the vehicle tracks the predefined velocity if the road conditions are not considered. Consequently, the optimal solution is achieved by selecting the weights in the following way:
A balance between the two performances must be achieved, which is based on a tuning of the weights. The first performance is met by selecting the weightsQ,γ i and minimizing (13) . The second performance is met by selecting constant weightsQ = 1 − W,γ i = 0. Several methods can be applied in this task. In the proposed method two further performance weights, i.e., R 1 and R 2 , are introduced. The performance weight R 1 (0 ≤ R 1 ≤ 1) is related to the importance of the minimization of the longitudinal control force F l1 (Optimization 1) while the performance weight
There is a constraint according to the performance weights R 1 + R 2 = 1. Thus the performance weights, which guarantee balance between optimizations tasks, are calculated in the following expressions:
Based on the calculated performance weights the modified velocity can be determined by using (7) .
The tracking of the preceding vehicle is necessary to avoid a collision, therefore W is not reduced. If the preceding vehicle accelerates, the tracking vehicle must accelerate as well. As the velocity increases so does the braking distance, therefore the following vehicle strictly tracks the velocity of the preceding vehicle. On the other hand it is necessary to prevent the velocity of the vehicle from increasing above the official speed limit. Therefore the tracked velocity of the preceding vehicle is limited by the maximum speed. If the preceding vehicle accelerates and exceeds the speed limit the following vehicle may fall behind.
Finally, it is necessary to analyze how the weights Q and γ i modify the optimal solution of the first performance (Q andγ i ), i.e., the weights based on the road inclinations and speed limits. If (16) is substituted in (13) the coefficients β i , i ∈ [0, n] are calculated by using algebraic relationships.
The expressions show that the weightQ changes because β 0 (Q) ̸ = β 0 (Q). At the same time the other optimal weightsγ i do not change at a fix weightQ. Consequently, the common weights (Q, γ i ) are not the optimum of the first performance. If R 1 = 1, which means that only energy minimization is considered, the optimal weights and the minimization function are the same. Therefore it is demonstrated that the two performances (and the two optimization criteria) are in conflict, they do not have a common optimum. The optimization task is solved only on a bounded range of the weights: 0 ≤ Q, γ i ≤ 1 and Q + W + ∑ γ i = 1. The solution of this task is difficult and it requires a great deal of computation besides decreasing the condition number of Φ. In practice the numerical computations result in optimal weights, which change very sharply as a jump signal. In order to avoid this phenomenon the weights are filtered by low-pass filters to obtain smooth signals.
LPV control design method
The velocity tracking requires a controller which generates the longitudinal force. In this section a high-level controller which calculates the longitudinal force is required. Note that the realization of the longitudinal force requires another low-level controller which sets the throttle angle and the gear position in the case of driving, or brake pressure in the case of braking. The longitudinal dynamics of the vehicle is formalized in the following form: mξ 0 = F l1 −F d1 . Both the driveline and braking systems have delays in their operations. The delay is caused by different factors such as the inertia of the driveline, the burning processes and injection, the turbo lag at driving, and the inertia of the hydraulic (or pneumatic) component in the braking system. The actuator dynamics is approximated by a first-order system [22] 
where F l1 is the realized force,F l1 is the desired force of the vehicle, and τ is the delay of the system. Moreover, the delay parameter differs at driving (τ d ) and at braking (τ b ).
More precisely, at braking the delay is less than at driving, i.e., τ d > τ b . Therefore the delay parameter is a varying component in the system. The equations of the longitudinal dynamics and actuator dynamics are transformed into the following state-space representation form:
where the state vector is x =
] and the matrices in the state space representation are
. In the state space description the operations of the driving and the braking are handled simultaneously. Since τ d > τ b the model is able to separate the driving and braking cases depending on τ . The LPV model is based on the possibility of rewriting the plant in a form in which time varying terms can be hidden with suitably-defined scheduling variables. The LPV modeling approaches allow us to take into consideration the time varying effects in the state space description. Furthermore this state space representation of the LPV model is valid in the entire operating region of interest. The advantage of LPV methods is that the controller meets robust stability and performance demands in the entire operational interval, since the controller is able to adapt to the current operational conditions. Selecting the scheduling variable τ the model can be transformed into an LPV model:
where ρ is the scheduling variable:
Equation (9) leads to a tracking problem. The aim of tracking is to ensure that the system output follows a reference value with an acceptable error, which is the performance of the system. The explicit mathematical description of the optimization problem is as follows:
where parameter λ is the reference value. In the velocity tracking problem, z =ξ 0 − λ is the performance output. The closed-loop interconnection structure, which includes the feedback structure of the model P and controller K, is shown in Figure 4 . The control design is based on a weighting strategy. The purpose of weighting function W p is to define the performance specifications of the control system, i.e., the velocity of the vehicle must ensure the tracking of the reference signal with an acceptable error. They can be considered as penalty functions, i.e., the weights should be large where small signals are desired and small where large performance outputs can be tolerated. The formalized vehicle model approximates the driveline/braking system with a rigid body model. In case of real vehicles both driveline and braking systems have torsional or longitudinal vibrations. The natural frequencies of these effects increase on higher frequencies. The weighting function W p is selected as W p = α/(T s + 1), where α and T are constants.
The purpose of the weighting function W n is to reflect the sensor noise, while W w represents the effect of longitudinal disturbances. In the modeling an unstructured uncertainty is modelled by connecting an unknown but bounded perturbation block (∥∆∥ ∞ < 1) to the plant. The unstructured perturbation is connected to the plant in an output multiplicative structure. The magnitude of multiplicative uncertainty is handled by a weighting function In the design of the control system the quadratic LPV performance problem is to choose the parameter-varying controller in such a way that the resulting closed-loop system is quadratically stable and, with zero initial conditions, the induced L 2 norm from w to z is less than γ.
The existence of a controller that solves the quadratic LPV γ-performance problem can be expressed as the feasibility of a set of Linear Matrix Inequalities (LMIs), which can be solved numerically. The LPV systems in early applications were based on a single Lyapunov function (SLF) approach, in which the variation of the scheduling variables can be arbitrarily fast. This work has been extended to analysis and synthesis by incorporating a parameter dependent Lyapunov function, see [2, 17, 24] . The incorporation of a parameter dependent Lyapunov function implies a potentially less conservative approach by addressing limitations on the rate of change of the parameters ρ. However, the control design leads to infinite dimensional convex feasibility conditions. These conditions can, in general, only be obtained approximately, by selecting grid points from the whole set, thus it is converted into finite dimensional LMIs.
Note that if parameter-dependent Lyapunov functions are used, the controller designed depends explicitly onρ. Thus, in order to construct a parameter-dependent controller, both ρ andρ must be measured or available. Whenρ is not measured in practice, a suitable extrapolation algorithm must be used to achieve an estimation of the parameterρ. The disadvantage of this approach is that the sources of the scheduling variables are not independent. Balas et al. proposed a possible method to perform a ρ-dependent change of variables to removeρ dependence, see [17] .
When the LPV controller has been synthesized, the relation between the state, or output, and the parameter ρ = σ(x) is used in the LPV controller, such that a nonlinear controller is obtained. Note that it is assumed that σ(x) is measured or depends only on measured signals. According to the properties of the LPV description the LPV system with ρ = σ(x) is equal to the nonlinear model. The realization of an LPV controller poses a problem, which must be handled. The control design is performed in continuous-time, in which it is assumed that the scheduling variable is known in continuous-time. However, ρ is measured only at sampling times. Instead of getting a fixed dependence of system matrices on ρ, the matrices are only known at a discrete ρ values. The suitable sampling time must be selected according to the physical system; however, the real sampling time is modified by the implementation possibilities. Thus the determination of the parameters during the intervals between sampling times is a difficult theoretical problem. A simple procedure applied in practice uses a zero-order hold method between sampling times. A better solution of the approximation is based on polynomial or rational functions through curve fitting.
Architecture of the control system
The control system can be realized in three steps as Figure 5 shows. Figure 5 : Implementation of the controlled system
Step 1: The aim of the first step is the computation of the reference velocity, see equation (9) . The results of this computation are the weights and the modified velocity which must be tracked by the vehicle.
Step 2: In the second step the longitudinal control force of the vehicle (F l1 ) is designed. The role of the high-level controller is to calculate this required longitudinal force.
Step 3: In third step the real physical inputs of the system, such as the throttle, the gear position and the brake pressure are generated by the low-level controller.
In the proposed method the steps are separated from each other. The reference velocity signal generator can be added to the upper-lower Adaptive Cruise Control (ACC) system. It is possible to design a reference signal generator unit almost individually, and to attach it to the ACC system. Thus the reference signal unit can be designed and produced independently from automobile suppliers, only a few vehicle data are needed. The independent implementation possibility is an important advantage in practice. The high-level controller calculates positive and negative forces as well, therefore the driving and braking systems are also actuated. Figure 6 shows the architecture of the low-level controller. The schematic structure of the system contains the next parts:
• The engine is controlled by the throttle, which could be a butterfly gate or a quantity of injected fuel. The engine-management system and the fuel-injection system have their own controllers, thus in the realization of the low-level controller only the torquerev-load characteristics of the engine are necessary. In this case the rev of the engine is measured, the required torque is computed from the longitudinal force of the highlevel controller, thus the throttle is determined by an interpolation step using a look-up table.
• The position of the automatic transmission is determined by logic functions, thus it depends on the fuel consumption and the maximum rev of the engine.
• The pressures on the cylinders of the wheels increase during braking. At normal traveling the ABS actuation is not necessary, in case of an emergency the optimal driving is overwritten by the safety requirements. The necessary braking pressure for the required braking force is computed from the ratios of the hydraulic/pneumatic parts.
Simulation results
The purpose of the simulation examples is to illustrate the operation of the proposed method and present detailed analysis of the effects of the various parameters on the method. Finally, a 56-km-long highway with real data is analyzed.
In the examples the controller in which the velocity profile is calculated by taking the road inclinations and speed limits into consideration (Controller 1) is compared to the controller in which the reference velocity is selected constant and the road information is not considered, i.e., it is a a conventional Adaptive Cruise Control (Controller 2). Figure 7(b) shows the velocity of the vehicle. The dashed line illustrates that Controller 2 tracks the predefined constant velocities with an acceptable error and at the downhill and uphill sections the tracking error slightly increases due to the effect of road inclinations. At the speed limit signs the velocity of the vehicle decreases and increases rapidly. At the same time the velocity in the front of the downhill section is decreased by Controller 1, since the controller reduces the required longitudinal force, see Figure 7 (c). It saves energy because the decelerating effects of road disturbances are exploited when the road conditions are considered. The downhill section has an accelerating effect, therefore the velocity loss at the beginning of the downhill section can be compensated for. In the case of Controller 2 the braking system is also used to prevent the velocity increasing, while in the proposed method less braking operation is needed. In this case Controller 1 considers that after the downhill section there is a flat road section and the deceleration effect of the road disturbances can compensate for the increase of velocity. At the downhill section the consideration of the inclinations can not be exploited by the conventional method, because the disturbances do not reduce the longitudinal force. In this section Controller 2 also tracks the constant velocity. By considering the road conditions the vehicle accelerates before the uphill section, therefore it can reach a velocity at which the vehicle can travel along the uphill section with less longitudinal force. The simulation example also shows the effect of a preceding vehicle. The preceding vehicle travels only at 50 km/h instead of 80 km/h. Consequently, the distance between the vehicles decreases, see Figure 7 (d). Later the preceding vehicle accelerates and exceeds 80 km/h, see Figure 7 (e). This simulation shows that the proposed cruise control method is able to adapt to the preceding vehicle, because the tracking vehicle approaches the preceding vehicle taking the braking distance into consideration, while in the second part the tracking vehicle avoids exceeding the speed limit and it falls behind. This solution requires radar information which is available in a conventional ACC vehicle. This velocity control is achieved by using the value of W as it is shown in Figure 7 (f). The simulation example shows that the controller, which takes into consideration road inclination and speed limits, requires 14% less control energy than the conventional controller and the maximum difference from the original velocity is about 7km/h. Besides, the designed control system is able adapt to external circumstances.
The second simulation example illustrates the effects of the various parameters on the proposed method. The effects of the performance weights, the number of sampling points and the vehicle mass are analyzed. In this simulation the vehicles travel on the same road, terrain characteristics of which are illustrated in Figure 8 . Figure 9 shows how the per- It is important to analyze the force/energy saving during the journey, see Figure 9 (a). There are sections where energy saving is very significant, e.g. more than 30%. Energy savings in the downhill, uphill and flat sections are different. In the downhill section the vehicle has more possibility in the reduction of force/energy since here the longitudinal disturbances also decelerate the vehicle and there is less actuator requirement. In the uphill section there is less possibility for the control system, since there are no additional forces which help the longitudinal actuator. The result shows that the driver is able to influence the Figure 10(b) shows that the velocity decreases significantly at the beginning of the downhill section and increases significantly at the uphill section if greater sampling length is selected. The results show that fewer sampling points result in saving more force/energy. It can also be seen that by increasing the sampling length the simulation results differ more significantly from Controller 2. The analysis shows that there are relationships between the road conditions and sampling points (sampling length). For example in the case of flat roads it is enough to use fewer section points and greater sampling lengths because the slopes of the sections do not change abruptly. In the case of undulating roads it is necessary to use more section points and smaller sampling length. Figure 11 shows the mass dependence of velocity and longitudinal force. Four vehicle masses are analyzed: 1000 kg, 3500 kg, 8000 kg and 12000 kg. The other parameters are not changed during the simulations. Figure 11 (a) shows the energy saving along the road section, which means that approximately 6 − 7% of energy can be saved by considering road conditions. The amount of energy saved increases slightly with the increase in the mass of the vehicle. Figure 11 In the last simulation a transportational route with real data is analyzed. The terrain characteristics and geographical information are those of the M1 Hungarian highway between Tatabánya and Budapest in a 56-km-long section. In the simulation a typical F-Class truck travels along the 56 km route. The mass of the 6-gear truck is 2023 kg and its engine power is 300kW (402hp). The regulated maximal velocity is 130 km/h, but the road section contains other speed limits (e.g. 80 km/h or 100 km/h), and the road section also contains hilly parts. Thus, it is an acceptable route for the analysis of road conditions, i.e., inclinations and speed limits. Publicly accessible up-to-date geographical/navigational databases and visualisation programs, such as Google Earth and Google Maps, are used for the experiment. Figure 12 (a) shows the altitude of the road along the way. It shows that the chosen motorway contains several uphill and downhill sections. In this example two different controllers are compared. The first is the proposed controller, which considers the road conditions such as inclinations and speed limits and is illustrated by solid line in the figures, while the second controller is a conventional ACC system, which ignores this information and is illustrated by dashed line. Figure 12(b) shows the velocity of the vehicle with speed limits in both cases. The conventional ACC system tracks the predefined velocity speed limits as accurately as possible and the tracking error is minimal. In the proposed method the velocity of the vehicle is determined by the speed limits and simultaneously it takes the road inclinations into consideration according to the optimal requirement. In the sections of road inclinations the average relative difference between the actual velocity and the speed limit is 8% in the proposed method. Figure 12(c) shows the required longitudinal force. The high-precision tracking of the predefined velocities in the conventional ACC system often requires extremely high forces with abrupt changes in the signals. Since the proposed method uses the road inclinations and speed limits in advance in the optimization method the truck is able to travel along the road with smaller actuation. The actual physical control inputs of the brake cylinder pressure and the throttle are illustrated in Figure 12 (d) and Figure  12 (f), respectively. In the conventional ACC system the revolution of the engine is within smaller bounds than in the proposed controller as Figure 12 M J/kg is the heat of combustion and ρ f uel = 730kg/m 3 is the density of petrol. The fuel consumption of the conventional system is 6.44 l while that of the proposed method is 5.47 l, which results in 0.97 l reduction in fuel consumption in the analyzed 56 km length section. Since in this method the velocity of the vehicle may be below the permitted maximum for the given section and accelerations/decelerations are carried out more slowly and gradually than in the conventional method the duration of the journey is expected to be longer. However, the difference in the duration is only 2 minutes.
Conclusion
The paper has proposed the design of a new adaptive cruise control system, in which the longitudinal control incorporates the brake and traction forces in order to achieve the designed velocity profile. By choosing the appropriate velocity according to the road and traffic information, the number of unnecessary accelerations and brakings and their durations can be significantly reduced. The operation of the cruise control is demonstrated on a real transportation route in Hungary. Owing to the integration of vehicle actuators and road conditions the simulation results show that the designed control reduces the energy required by the actuators and it slightly increases the traveling time. An important advantage of the method is that the procedure can be implemented in an Electronic Control Unit (ECU) in the practice of the vehicle industry.
